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ABSTRACT 

A method f o r  ob ta in ing  equiva len t  d e s c r i p t i o n s  of many states is  

descr ibed.  This  method uses  a f u l l  valence MCSCF t o  i d e n t i f y  t h e  impor- 

tant conf igura t ions .  These important conf igu ra t ions  are then  used i n  

l imi t ed  MCSCF and then followed by s i n g l e  and double e x c i t a t i o n  C I  or 

POLCI. The t rea tment  of h igher  s t a t e s  of a given symmetry is  a l s o  d is -  

cussed. 
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Tvo basic types of configuration interaction 

They are the First Order 
(CI) calculations are routinely used in accurate 
ab initio calculations. 
CI' (FOCI) and the all single and double excita- 
tion CI, CI(SD). In both cases the orbitals are 
initially optimized usinf a limited MCSCF. 
advances in MCSCF Theory now pewit MCSCF calcu- 
lation containing -200 CSF's to be performed with 
little effort in excess of the previous small 
XSCF calculations. Thus, it is now possible to 
optimize the orbitals for a FOCI, by performing a 
full valence MCSCF (FVMCSCF). If the FOCI is too 
large and a POLCI' ( a POLCI is best viewed as a 
FOCI with CSF selection) is to be used or a CI(SD) 
is to be run, the FVMCSCF can be employed to iden- 
tify the dominant configurations in the wavefunc- 
tion. FVMCSCF calculations are performed at var- 
ious points on the surface, the natural orbitals 
(NO'S) obtained and FVCI repeated in the NO basis. 
The union of all impsrtant configurations is then 
used in a small MCSCF. This MCSCF is followed by 
either the POLCI or CI(SD), using the orbitals ob- 
tained in the small MCSCF. 
FVMCSCF, one simplifies the procedure for identi- 
fying the important CSF's which should be included 
in the MCSCF. 

Recent 

By performing the 

Limited MCSCF calculations followed by CI cal- 
culations are a standard treatment for the lowest 
state in each symmetry. 
when transition moments are desired. In this case 
a comnon set of orbitals would be used, but even 
in this case the separate MCSCF orbital optimiza- 
tion followed by CI is usually performed to cali- 
brate the common orbital set. 
could use the same techniques on the higher states 
of a given symmetry, but in practice newproblems 
arise. 
scription of the lower root is degraded. 
lead to a flipping of these two states and the 
loss of the upper bound to the desire root. 

One exception would be 

In principle one 

As one optimizes an upper root;the de- 
This can 

*a contribution by C. W. Bauschlicher, Jr. Work 
was supported under NASA Contracts No. NAS1-14101 
and NAS1-14472 while in residence at ICASE, NASA 
Langley Research Center, Hampton, VA 

'NRC-NASA Research Associate, 1978-1980. Present 
addresa: IBM, 5600 Cottle Road, San Jose, CA 95193. 

+Alfred P. Sloan Research Fellow. Wor!c was support- 
ed by the Air Force Office of Scientific Research 
(AFOSR-79-0073) and the National Science Foundation 
(CUE-7824153) during the course of this research. 

23665 

Hinze' has proposed optimizing the orbitals 
based on the averaged field of the states of inter- 
est. He also noted that one must compensate for 
the poorer description of the orbitals by adding 
additional CSF's. The addition of CSF'S to the 
MCSCF greatly increased the size of the CI(SD) and 
can quickly make the problem intractable. If the 
configuration list is not increased, it seems un- 
likely the states treated by averaged field method 
will be as accurate as those state for which an in- 
dependent optimization of the orbitals is per- 
formed. Averaging all states of interest would en- 
counter problem8 if all states but one were well 
described by one set of orbitals. 
field technique would treat one state more poorly 
than the rest. While the averaged field technique 
avoids the problem of variational collapse, it may 
not treat all states equivalently for a configura- 
tion list small enough to allow a CI(SD). Ideal- 
ly, one would like to perform an independent var- 
iational calculation on each state. 
noted if variational collapse begins to occur, a 
small CI would indicate which CSF's are needed to 
keep the lower roots in place. While in principle 
the MCSCF could become prohibitively large, in 
practice this does not appear to be a problem. We 
find for ionic systems such as BeO, MgO,  and CaO 
that FVMCSCF - FOCI calculations yield poor separ- 
ations between the low-lying states and instead a 
limited MCSCF followed by CI(SD) was employed. 
The addition of the CSF's needed to prevent varia- 
tional collapse can make the CI(SD) prohibitively 
large. Also for a FVMCSCF - FOCI ff an upper root 
collapsed, the addition of the CSF's needed to 
prevent the variational collapse would represent a 
redefinition of the valence space. Liu' has found 
that in a m e  cases the addition of extra orbitals 
to the valence space in a MCSCF - FOCI calculation 
can actually yield poorer results and therefore 
ahould be avoided. 

The average 

Grein' has 

Our general procedure is to perform a FVMCSCF 
at several representative points on the surface. 
The important and marginally'important configura- 
tions are included in a small MCSCF. Those CSF's 
with a coefficient smaller than 0.1 at all points 
are dropped and the final CSF list is chosen. 
This final list is used in an MCSCF and followed 
by a CI(SD). If one is only considering the 10- 
est root, repeating the W C I  in terms of NO'S can 
simplify the indentiffcation of the important CSF, 
but for several roots this is not advisable. 
BeO, for example, in the NO basis the l'pstate 
would be described by 

In 



but  t he  second 
described as 

(5) 3 la2 2u2 3u2 4cJ2 la 2a 

S ta r t ing  from (11, ( 4 )  and (5) provides a good 
descr ipt ion of t he  f i r s t  and second roots ,  but 
s t a r t i n g  from (1). (2) and (3) f o r  t he  first root  
m u l d  necess i t a t e  adding o ther  CSF'a t o  descr ibe 
the  second root. 

The cases where it is impossible t o  Perform 
separate  opt imizat ions on higher roots  f a l l  i n t o  
-0 categories:  1) the  FVMCSCF ca lcu la t ion  C O l -  

lapses  and i n  2) 
i a t i ona l  collapse. I n  the  former we  do not  add any 
addi t iona l  configurat ions.  
'E+ states, we  overcome t h i s  co l lapse  by Performing 
a m c S C F  (where 80, 9U, IOU, 3a and 4q a r e  va- 
lence o r b i t a l s )  on t h e  lowest lZ4 s t a t e ,  obtained 
the  na tu ra l  o r b i t a l s ,  then used these  NO'S in 
FVMCSCF f o r  the  2*C+ with the  & o r b i t a l  frozen 
t o  be the  & NO. The important CSF's from both 
roots included in an MCSCF ca lcu la t ion ,  and the  
o r b i t a l s  a p t i d z e d  f o r  t h e  l e t  roo t .  The second 
root  o r b i t a l s  a r e  then optimized with the  & or- 
b i t a l  to be the  & o r b i t a l  of the  ground state. 
The second case where the  l imi ted  MCSCF col lapses ,  
a r i s e s  when the  roots  a r e  c lose  and the  marginal 
CSF's of the  first root  are important i n  preventing 
root  f l ipping.  
is too la rge ,  we f reeze  an o r b i t a l  (or  o rb i t a l s )  t o  
be an o r b i t a l  obtained i n  l imited MCSCF ca lcu la t ion  
of t he  ground state. 
FvnCSCF ca lcu la t iona  we have some measure of the  
seve r i ty  of these  cons t ra in ts .  

the  l imited MSCF undergoes var- 

I n  the  case of CaO 

If the  number of CSF's t o  be added 

Since we have performed the  

We have noted t h a t  i f  the  marginally impor- 
t an t  CSF's are added t o  the  MCSCF, the  energy of 
the l imited MCSCF is within a few mil l i -har t rees  of 
the  FVMCSCF. 
approach the  FVMCSCF is less than 15 CSF's f o r  a l l  
t he  low ly ing  states. 
ce r t a in ty  in our ca lcu la t ions  we avoid CSF selec- 
t i on  vhenever poss ib le  and if forced t o  select w e  
keep the  wmulatiVe 'I se lec t ion  threshold an order 
of magnitude eaaller than the  accuracy w e  seck 
(1 mi l l iLha r t r ee  accuracy). For t h i s  reason we 
choose t o  include only the  important CSF's in the  
MCSCF - CI. 
s i s  set show t h a t  t h i s  procedure y i e lds  R e ' s  and 
Te's i n  excellent agreement with experiment. 

For MgO the  number of CSF's need t o  

I n  order  t o  minimize the  m- 

Calculat ions f o r  MgO using an STO ba- 

We should note  a few technical  aspects  of our 
procedure. 
a second-order HCSCF procedure. Xnstead of solv- 
ing the  simultaneous equations, we  employ a Super- 
Cf technique with a procedure fo r  damping the  
eigenvector f a r  from convergence. In  our impii- 
mation a var i ab le  number of CI roots  can be in- 
cluded in t he  Htesian. We f ind  t h a t  f a r  from con- 

The FVMCSCF i s  made'possible by using 

vergence including a l l  lower roots  i rproves conver- 
gence and only near convergence a r e  a l l  roots  COU- 
pled i n  and quadrat ic  convergence observed. 
inclusion of a l l  lower CI vectors  is an important 
aspect  of the  second order MCSCF treatment of ex- 
c i t e d  s t a t e s .  This is t o  be contrasted t o  the  t r a -  
d i t i o n a l  generalized Br i l lou in  theorem MCSCF where 
one of ten  needs t o  s h i f t  the  diagonal elements of 
the  Super - CI Hamiltonian i n  order t o  prevent root  
f l ipp ing .  
molecules the  lover  s t a t e  o r b i t a l s  or  the  o r b i t a l s  
of a non-variational SCF do not a luays provide a 
good set of s t a r t i n g  o rb i t a l s .  In  these s i t ua t ions  
tho use of damping, can be very important. In  some 
cases ,  t he  roo t s  f l ipped a s  the  higher root  orb i t -  
a l s  were optimized. However, convergence was ob- 
ta ined i n  these  cases by freezing o r b i t a l s  i n  the  
lower root  f o r  a few i t e r a t i o n  and the  el iminat ing 
the  cons t ra in t .  In  the  cases where the  apparent 
va r i a t iona l  co l lapse  was a r e s u l t  of a poor choice 
of s t a r t i n g  o r b i t a l s ,  t h i s  procedure works w e l l .  
However one must be carefu l  t h a t  t h i s  procedure 
does not lead t o  a l oca l  minipla. We should a l s o  
note  t h a t  we  have found corresponding o r b i t a l s  very 
useful  i n  comparing two sets of o rb i t a l s .  For ex- 
ample, by computing the  corresponding o r b i t a l s  be- 
tween the  lowest root and a root  j u s t  a s  l t  under- 
goes va r i a t iona l  col lapse,  i t  becomes t r i v i a l  t o  
observe which o r b i t a l  or o r b i t a l s  d i f f e r  i n  the  two 
states. 

The 

In  the  case of higher roots  of i on ic  

9 

The procedure discussed i n  t h i s  paper a r e  
based on the  assumption that MCSCF ca lcu la t ions  
containing mare than a few hundred C F's a r e  not  
rou t ine ly  poesible ,  however SchaefeJ'has recent ly  
reported a n  MCSCF including more than 10.000 CSF's 
Since Schaefer is using a f i r s t  order  method t o  op- 
t imize the  o r b i t a l s ,  it is not  clear t h a t  reason- 
ab le  convergence w i l l  be  obtained f o r  a CI(SD) us- 
ing a general  MCSCF reference. Second order  MCSCF 
techniques' have been shown t o  provide exce l len t  
convergence f o r  a general  l ist of CSF's and t h i s  
method in pr inc ip l e  could be used t o  treat Droblems 
including l a r g e  nmbers  of CSh's. However, the  
amount of work needed t o  COnStNCt the  Hessian and 
solve the  simultaneous equations could become pro- 
h i b i t i v e l y  large.  I f  these techniques lead t o  the  
a b i l i t y  t o  rout ine ly  perform very l a rge  MCSCF cal- 
cu la t ions ,  the  need t o  perform a separa te  CI cal-  
cu la t ion  w i l l  be eliminated f o r  most ca lcu la t ions .  
However, t he  procedures described w i l l  still  be 
usefu l  i n  determining the  list of reference config- 
u ra t ions  and an i n i t i a l  set of o r b i t a l s  f o r  the  
l a rge r  MCSCF. 
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